Black shales of the late Neoproterozoic Gwna Group (570-580 Ma), UK, contain enrichments of tellurium (Te), selenium (Se) and cobalt (Co) relative to average shale compositions. The Te and Co enrichments bear comparison with those of ferromanganese crusts in the modern deep ocean. Gwna Group deposition coincides with the Second Great Oxidation Event, which had a significant effect on trace element fixation globally. Selenium and Te concentrations within these black shales indicate increased continental weathering rates, high biological productivity and corresponding increases in atmospheric O 2 concentrations. Cobalt, nickel (Ni) and arsenic (As) enrichments in this succession are secondary mineralisation phases. Demand for many of the trace elements found enriched in the Gwna Group black shales make their mechanisms of accumulation, and variations through the geological record, important to understand, and suggests that new resources may be sought based on black shale protoliths from this period.
) (c) Generalised vertical section of Gwna Group sampled section (Adapted from Sato et al., 2015) Maruyama et al. (2010) . Gwna Group melange formation in accretionary wedge on western margin of Gondwana. Black shales deposited in anoxic forearc trench. Oxic depositional environments shown for deposition of carbonates, mudstones, sandstones and cherts of the Gwna Group prior to accretion. (Campbell & Squire, 2010; Hor ak & Evans, 2011; Meert & Lieberman, 2008 ; Pogge von Strandmann et al., 2015) [Colour figure can be viewed at wileyonlinelibrary.com] the geochemistry of the late Neoproterozoic (Ediacaran), 570-580 Ma (Sato et al., 2015) Gwna Group black shales, N. Wales (Figure 1a) to that of modern-day ferromanganese crusts and assess the wider geological significance of these Precambrian deposits in relation to global atmospheric oxygenation.
| GEOLOGICAL SETTING
The Gwna Group (Figure 1 (Hor ak & Evans, 2011; Wood & Nicholls, 1973) , indicating periodically shallow water levels. Abundant pyrite occurs in the black shales, basalts and carbonates. Black shale deposition, 570-580 Ma (Sato et al., 2015) , closely followed the Second Great Oxidation Event (GOE2) of the late Neoproterozoic, when atmospheric oxygen concentrations increased from~10% PAL (present atmospheric level) to 60%-100% PAL (Campbell & Squire, 2010; Canfield, 2005) (Figure 3 ). At this time, Wales was situated on the Avalonian landmass, at approximately 30°S latitude (Kawai et al., 2008) .
| ME TH ODOLOGY
Samples of the Gwna Group succession ( Figure 1c) were collected from sites across Anglesey and the Lleyn Peninsula (Table 1) . Wholerock samples were analysed for trace element contents using inductively coupled plasma-atomic emission spectrometry (ICP-AES) and inductively coupled plasma-mass spectrometry (ICP-MS), at ALS Laboratories, Loughrea, Ireland. Each rock sample was milled and homogenised and 0.5 g was partially digested using aqua regia. Samples were analysed for elemental abundances using ICP-MS and ICP-AES.
Inter-element spectral interferences were accounted for. 1r standard variabilities for calibration standards are supplied in Data S1. This method represents a partial leach of the rock, with digestion of all phases except silicates. Aqua regia digestion is considered to best represent the seawater depositional component of black shales (Xu, Hannah, Bingen, Georgiev, & Stein, 2012) .
Sulphides were extracted and analysed for their isotopic composition using standard techniques (Bullock et al., 2018) . Data are reported (Table 2) Scanning electron microscopy (SEM) was performed using a Zeiss Gemini-300 FEG-SEM, to determine key sites of trace element mineralisation.
Laser ablation-inductively coupled mass spectrometry (LA-ICP-MS) was utilised to locate and quantify concentrations of trace elements in the black shales. LA-ICP-MS method can be found in Parnell et al. (2017) . F I G U R E 3 Global atmospheric oxygen evolution of Earth through time after Lyons et al. (2014) . Oxygen concentration given relative to present atmospheric levels-PO 2 (PAL). Present atmospheric levels stated as 100 = 1. Geological age data provided (Gradstein & Ogg, 2012) and timings of major oxygenation events shown (Lyons et al., 2014) . Gwna Group black shale depositional range (570-580 Ma) indicated (Sato et al., 2015) average shale (Hu & Gao, 2008; Rudnick & Gao, 2003; St€ ueken et al., 2015a) ; Bowland shale (Parnell et al., 2016) . Ratio of Gwna Group Black Shale/Average Shale supplied to show extent of enrichment relative to average shale reduction is considered to be the first in a sequence of stages of metal concentration from sedimentation to diagenesis, metamorphism and ultimately ore formation in orogenic gold deposits (Chang, Large, & Maslennikov, 2008; Gaboury, 2013; Tomkins, 2013) .
| RESULTS

Tellurium
Analysis of pyrites from other black shales (Large et al., 2014 (Large et al., , 2015 indicates that significant fluctuations in trace element chemistry of the oceans have occurred through time with high concentrations of Co, Mo and Se recorded during the late Ediacaran. Black shales would have been a key environment for the accumulation of these elements during times of enrichment in the oceans.
| Sulphide mineralisation
The two distinct morphologies and trace element enrichments of the (Hein et al., 2003; Kashiwabara et al., 2014) . Taking into account a potential three orders of magnitude difference in sedimentation rate, the sequestration rate of Te is greater in the black shale of the Gwna Group. Assuming mean Te concentrations (Table 2) , sedimentation rates of 10 mm/Ma and 10 m/Ma (Hein et al., 2000; Stow et al., 2001 ) respectively for the ferromanganese crusts and shales (both high end of range), a crust density of 1.3 g/cm 3 (Hein et al., 2000) and a measured shale density of 3.14 g/cm 3 , the sequestration rates are 3.2 and 245 nmols Te m À2 a À1 respectively.
This suggests that in ancient successions, where both oxic and anoxic facies occur, Te accumulation will be favoured in anoxic, carbonaceous deposits.
| Implications
Fluctuations in the trace element abundances of deep marine black shales have been used to infer variations in atmospheric oxygenation levels through time (Chen et al., 2015; Johnson et al., 2017; Large et al., 2015; Pogge von Strandmann et al., 2015; Reinhard et al., 2013; St€ ueken et al., 2015a) . A significant increase in selenium abundance within sedimentary pyrite globally has been identified from 580 to 470 Ma (Large et al., 2017) . 
| 249
The age of deposition for Gwna Group (570-580 Ma) coincides with the late Neoproterozoic GOE2 (Campbell & Squire, 2010; Canfield, 2005; Lyons, Reinhard, & Planavsky, 2014) Elevated sediment influx into ocean waters increased the availability of bioessential elements, including Se, which increased photosynthetic activity at the Gondwanan continental margins. This resulted in higher organic carbon (and Se) deposition into Ediacaran ocean sediments (Campbell & Squire, 2010; Pogge von Strandmann et al., 2015) . Average TOC values of 1% in the Gwna Group black shale and an average Mo abundance of 64 ppm are indicative of intermittently euxinic depositional conditions (Scott & Lyons, 2012) . The abundant pyrite content of these black shales (average S = 10.7%) is an indicator of anoxic to euxinic marine floor conditions (Berner & Raiswell, 1984) and an indicator of significant atmospheric oxygenation through sulphide production (Canfield, 2005) . The best model for the depositional environment for the Gwna Group black shales is a stratified anoxic sub-basin within a widely oxic oceanic environment (Canfield et al., 2008; St€ ueken et al., 2015b) . The forearc trench along the Proto-Gondwanan continental margin (Campbell & Squire, 2010 ) is proposed as the most likely depositional position for these black shales (Figure 2) , providing a deepened ocean setting and proximity to photosynthetic activity (Maruyama et al., 2010) .
The enrichments of Te, Co and Se within the Gwna Group shale suggest that other black shales in the Proterozoic and lower Palaeozoic deserve further study for their content of critical elements, specifically those deposited during periods of significant atmospheric fluctuations (Johnson et al., 2017; Large et al., 2014; Tomkins, 2013 ). This suggests the potential for other types of mineral-bearing deposit based on black shale protoliths deposited during key time periods (Coveney & Nansheng, 1989; Giordano, 1989; Large, Bull, & Maslennikov, 2011; Pedersen, Nielsen, Boyce, & Fallick, 2003; Wagner & Boyce, 2003) , particularly where supergene processes may have resulted in small-scale ore deposits near surface.
| CONCLUSION S
Enrichments of critical elements in the black shales of the Gwna Group show a similarity to those recorded in metalliferous seafloor 
F I G U R E 7
Comparison of depositional models for anoxic deep marine black shale and oxic modern seafloor crust. Variations in trace element sequestration systems illustrated in relation to changes in oxidation state of elements with varying oxygen availability and the contribution of organic matter adsorption (Brown & Calas, 2012) . 'Modern Seafloor Crust Formation' adapted from Hein et al. (2013) [Colour figure can be viewed at wileyonlinelibrary.com] crusts. Heterogeneous enrichments within the Gwna Group black shales indicate that the high Se and Te concentrations are depositional in origin and can be utilised to provide evidence for increased photosynthetic activity during the GOE2. Black shales of comparable origin and timing relative to major atmospheric oxygenation events may have acted as protoliths for ore deposits currently unrecognised, emphasising the value of black shales in ore exploration. 
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